Abstract. Since the metallic elements are covered with or encapsulated by various plastic or ceramic materials on printed circuit boards (PCBs), a pre-treatment process allowing their liberation and separation is first needed in order to facilitate proficient extraction. In this work, a fundamental study has been carried out to recover metallic concentrates from PCBs scraps. The most important step is to separate or release particles from the associated gangue minerals at the possible liberation particle size. The samples of printed circuit boards were separated into the magnetic and nonmagnetic fractions by Rare-earth Roll Magnetic Separator. Then, the magnetic and non-magnetic fractions were separated to heavy fraction (metallic elements) and light fraction (plastic) by Mozley Laboratory Table Separator . Results show that the unliberated particles still remain in the comminution fines PCBs. The use of Rare-earth roll magnetic separation was clarified that the Fe, Ni and Zn element tend to be condensed in magnetic particles. Meanwhile Cu element tends to be release in non-magnetic particles. Mozley Laboratory Table Separation was capable to obtain fractions with relatively high concentrations of metallic elements. This study is expected to provide useful data for the efficient physical separation of metallic components from printed circuit boards scraps.
Introduction
The development of electrical and electronic equipment has resulted in an increase of waste electric and electronic equipment (WEEE). Recycling of these wastes is an important subject not only from the point of waste treatment but also from the recovery of valuable materials [1] . Overall, printed circuit boards typically consist of ≈40% metallic, ≈30% plastic, and ≈30% ceramic elements, although their actual composition varies slightly depending on the specific class [2] . In addition, printed circuit boards (PCBs) contain environmentally harmful materials, such as lead (Pb), mercury (Hg), cadmium (Cd), bromine (Br), and beryllium (Be) [3, 4] . Even though many studies have been performed on the mechanical pre-treatment processing of PCBs scrap, further studies are required to pave the way for efficient recycling of waste printed circuit boards through a combination of mechanical pre-treatment and hydrometallurgical technology [5] . In this work, a fundamental study has been carried out on the separation process that is necessary to recover metallic concentrates from PCBs scraps. The most important problem is to separate or release particles from the associated gangue minerals at the possible liberation particle size. Liberation is obviously the core process in the mechanical pre-treatment. If such an aim is achieved, then not only is energy saved by reduction of the amount fines produced, but any subsequent separation stages become easier and cheaper to operate [6] .
Experimental
Material: Samples of PCBs scraps were obtained from local computer services centre which were collected from damaged or obsolete computers. Most of the boards are multilayer with maximum of 4-layers, with few older single sided types. Components such as capacitors, liquid crystal displays and batteries which are usually rich in hazardous substances [1] were first removed from the boards before comminution. Comminution and Separation Process: The samples were feed into the shear shredder and then dry grinding using ring mills. The samples were sieved using Ro-Tap Test Sieve Shaker for 30 minutes. Rare-earth roll magnetic separator was performed to separate the magnetic and nonmagnetic substances of sample. The separation is optimized with the proper selection of magnetic roll, belt thickness, roll speed, splitter position, number of stages of separation and depth of the feed on the belt. Mozley Laboratory Table Separation was carrying out by placed a sample on the 'V' profile tray and wetted. The cyclic motion mobilizes the mineral particles enabling stratification to take place with the aid of water flow. The heavy particles (metallic elements) settles and is 'thrown' upstream by the 'end-knock' action. The lighter (usually plastics) is carried downstream by the flow of irrigation water to discharge via the tailings launder. The samples were collected for AAS analysis to determine the metallic elements consist in each particle samples. 
Results and Discussion
Table 1(a) indicates the high copper (Cu) content in finer fraction, this might be happen since thin copper foils are attached to epoxy resin plates reinforced on each side by glass fibre, they become smaller as a result simultaneous tearing when these brittle PCBs are shredded, and thereby concentrated in the finer size fraction. Table 1 (b) and (c) also presents the chemical composition of samples after Rare-earth roll magnetic separation (b) and Mozley laboratory table separation(c). It is clarified that the Fe, Ni and Zn element tend to be condensed in magnetic particles. Meanwhile Cu element tends to be release in non-magnetic particles. From Table 1 (b), Iron and nickel which are the typical ferromagnetic metallic elements were largely separated into the magnetic fraction by the magnetic separation. It can be seen that 0-0.05% of the nickel and iron was left in the non-magnetic fraction, probably due to their presence in paramagnetic or diamagnetic particles as alloying elements. The paramagnetic or diamagnetic elements, such as aluminium, tin, copper, and lead, were mostly distributed in the non-magnetic fraction. Over 30% of the copper, the most abundant metallic element contained in the waste printed circuit boards, was separated into the non-magnetic fraction. After the magnetic and mozley table separation, respective copper and nickel-iron-zinc
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Rare-earth roll magnetic separation The degree of liberation of Cu particles was determined using light microscope. Figure 2 shows an image of four different particles size of samples. Copper perform as a point of reference due to a major metallic element in PCBs and have reddish colour contrast to other metal particles. Samples with particle size +1.1mm (a) and -600+300µm (b) has accomplished poor liberation due to the presence of copper particle associated with solder resist. PCB solder resist is a permanent epoxy resin based coating applied to PCBs during the manufacture of the bare board. The both particle still attached (locked) to the others material (gangue) or also known as 'middlings' and only be achieved by further comminution. For samples with particles size -150+75µm and -300+150µm achieve approximately complete liberation. According to Wen et al., good liberation of copper is prerequisite to the downstream separation process [7] .
Rare-earth rolls magnetic separation
The magnetic separation were carried out to separate the magnetic and non-magnetic particles of milled printed circuit boards. The distribution percentage of magnetic particles is the highest (76.2%) of size fraction -150+75µm and impulsively lowest (35.5%) of size fraction -300+150µm. Meanwhile, the distribution of non-magnetic particles of size -150+75µm is the lowest percentage (23.8%) and a particle of size -300+150µm is the highest percentage (64.5%).Variations in the degree of liberation of the paramagnetic or diamagnetic elements, in particular, copper, which was distributed into the smaller fraction after the milling of the printed circuit boards, could explain this behaviour. Copper, which is present as thin foils between the epoxy resin plates of printed circuit boards, is not completely liberated from the non-metallic components since it is milled through simultaneous tearing of the printed circuit boards by the shear shredder. Therefore, the separation of copper into the magnetic fraction inevitably results in a decrease in the grade of the metallic components. Figure 3 : The distribution of magnetic and non-magnetic fraction using Rare-earth roll magnetic separation Figure 4 : The distribution of heavy fraction (concentrate) and light fraction (tailing) using Rareearth roll magnetic separation.
Mozley laboratory table separation
Mozley laboratory table separation was carried out to separate heavy and light particles after magnetic separation process. The results of Mozley table separation are shown in Table 3 (c) and Figure 4 . The separation of the magnetic particles into the heavy fractions (concentrate) is higher than non-magnetic particles for both sizes and increased with increasing particle size of the samples. About 80.86% of the magnetic particles were separated into the concentrate from the samples of size -600+300µm and 71.7% of size -300+150µm; however this was remarkably reverse with light fraction (tailing) which reduced with increasing particle size. The experimental results 
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Advanced Materials Engineering and Technology II might be related to the composition of printed circuit boards. Light fraction (tailing) of samples mostly composed of brittle ceramics and glass-fiber-reinforced epoxy resins (plastic + ceramics) whereas the heavy fraction (concentrate) enriched with metallic elements. It was observed that higher particle size have lower degree of liberation. As a results, the particles getting weighty and enclose at heavy fraction (concentrate) when a flowing film of water flows over a 'V' profile tray surface.
Conclusion
This study is expected to provide useful data for the efficient mechanical separation of metallic components from printed circuit boards scraps. Physical analysis using optical microscope approved that the liberation particles can only be achieved by comminution process. Chemical analysis using AAS showed element of copper was higher than the other elements of metal contained in PCBs scraps. The use of Rare-earth roll magnetic separation was clarified that the Fe, Ni and Zn element tend to be condensed in magnetic particles. Meanwhile Cu element tends to be release in nonmagnetic particles. Over 30% of the copper, the most abundant metallic element contained in the waste printed circuit boards, was separated into the non-magnetic fraction. Mozley Laboratory Table Separation was efficient to obtain fractions with relatively high concentrations of metallic elements. The separation of the magnetic particles into the heavy fractions (metallic) is higher than non-magnetic particles and increased with increasing particle size of the samples. Even though many studies have been performed on the mechanical pre-treatment processing for the liberation and separation of the metallic components of printed circuit boards scrap, further studies are required to pave the way for efficient recycling of waste printed circuit boards through a combination of mechanical pre-treatment and hydrometallurgical technology.
